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The Effect of Temperature and Ethanol on the Deposition 
of Nickel Hydroxide Films 
Christopher C. Streinz, a Sathya Matupally,* and John W. Weidner** 
Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA 
ABSTRACT 
The objective of this work was to determine the effect of the temperature and the ethanol content of the Ni(NQ)2 
solution on: (i) the efficiency of electrochemical deposition of nickel hydroxide; and (it) the molecular weight of the 
deposited film. An electrochemical quartz crystal nanobalance (EQCN) was used to measure the mass of films electrochem- 
ically deposited from Ni(NO3)2 solutions and constant current discharges were used to determine the electrochemical 
capacity of the films. The data indicates that increasing the temperature increases both the efficiency of the deposition 
reaction and the molecular weight of the deposited film. The increased efficiency at higher temperatures is at tr ibuted to 
a decrease in the concentration of a nickel complex at the surface of the electrode. The lower complex concentration 
decreases the diffusion rate of this species away from the electrode surface and hence increases the rate at which the 
complex precipitates from the solution. The increase in the molecular weight at higher temperature is at tr ibuted to a 
combination of increased rate of deposition and an increase in the lattice spacing of the active material. The data also 
indicate that increasing the ethanol content of the solution had no noticeable effect on the efficiency of deposition, when 
water was present. In pure ethanol, however, the chemistry of deposition seemed to change considerably. However, increas- 
ing the ethanol content of the solution resulted in an increase of the molecular weight of the film. Increase in the molecular 
weight with an increase in the ethanol content of the solution is due to an increase in the relative percentage of ethanol 
incorporated in the active material. The data also indicate that the number  of electrons in the discharge reaction is 
approximately 1.4 electrons per nickel atom. 
Introduction 
Nickel hydroxide is one of the most commonly used ac- 
tive materials for the positive electrode in rechargeable 
batteries. It is also an electrochromic material and is con- 
sidered an attractive candidate for potential application in 
"smart windows. ''~'~ Nickel hydroxide is commonly pre- 
pared electrochemically by cathodic precipitation at high 
temperatures (ranging from 70-90~ from a solution con- 
taining a mixture of ethanol and water. It has been shown 
that the electrochemical impregnation of porous nickel 
plaques produces superior battery electrodes compared to 
those made by the conventional chemical loading process 
(see Gross 3 for a review of both the chemical and electro- 
chemical impregnation processes). However, a fundamen- 
tal understanding of how the various operating conditions 
(e.g., temperature, ethanol content) affect the impregnation 
process is not well understood. 
In electrochemical impregnation, a nickel plaque is ca- 
thodically polarized in a Ni(NO3)2 solution. Nitrate is re- 
duced according to the following reaction 4-~ 
NO~ + 6H20 + 8e- ~ NH3 + 9 OH- [1] 
One additional OH- ion per eight electrons passed may be 
generated from the ammonia/ammonium-ion equilibrium 
as expressed by 
NH3 + H20 r NH$ + OH- [2] 
In acid and neutral  conditions, equilibrium tends toward 
the r ight-hand side of Eq. 2, g and therefore, if the pH at the 
electrode surface does not exceed 8, the nitrate reduction 
reaction can effectively be writ ten as follows 1~ 
N Q -  + 7H20 + 8e- ~ NH4 § + 10 OH- [3] 
The production of OH- increases the surface pH of the 
electrode, resulting in the precipitation of Ni(OH)~ at the 
electrode surface according to the following reaction ~-8'1~ 
Ni 2+ + 2 OH ~ Ni(OH)2$ [4] 
There are two simplifications implied by Eq. 4. First, it 
is unlikely that nickel hydroxide precipitates as pure 
Ni(OH)2. Spectroscopic evidence shows that solvent and/or 
ions are incorporated into the film as the material de- 
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positsJ However, very little evidence exists as to what ex- 
tent the quantity of solvent incorporated into the film de- 
pends on the deposition conditions. 
The second simplification implied by Eq. 4 is that all the 
hydroxyl ions produced by the electrochemical reaction 
(e.g., Eq. 3) result in precipitation. This has led previous 
researchers to use Faraday's law to estimate the rate of 
deposition of nickel hydroxide films. 11'14-18 However, we 
found in a previous study 12 that while estimating the moles 
of nickel hydroxide that are deposited based on the number 
of coulombs passed works in dilute solutions of Ni(NO3)2 
(e.g., 0.i M), deviations from Faraday's law occur at high 
Ni(NO3)2 concentrations. As the Ni(NO3)2 concentration 
was increased from 0.i to 2.0 M, the rate of deposition de- 
creased by more than one order of magnitude. The coulom- 
bic inefficiency of the deposition process in concentrated 
solutions was attributed to the formation of a nickel com- 
plex that diffuses away from the surface before deposition 
can occur, thus consuming electrochemically generated 
OH.- Assuming the complex is the polymeric species 
Ni4(OH)~+, 13 a two-step precipitation reaction was pro- 
posed 12 
4Ni 2+ + 4 OH- r Ni~(OH)~ + [5] 
Ni4(OH)~ + + 4 OH- ~ 4Ni(OH)2$ [6] 
Based on this two-step process, operating under conditions 
which inhibit  the reaction of the nickel complex with addi- 
tional hydroxyls will reduce the coulombic efficiency of the 
process. 
The objective of this work was to determine the effect of 
solution temperature and ethanol content of the solvent on: 
(i) the efficiency of electrochemical deposition of nickel 
hydroxide; and (it) the molecular weight of the deposited 
film. An electrochemical quartz crystal nanobalance 
(EQCN) was used to measure in situ the mass of the de- 
posited films. After formation, the films were electrochem- 
ically charged and discharged in 3 % KOH to determine the 
moles of nickel deposited. Coupling the deposition data 
with the discharge data enabled the deposition efficiency 
and the molecular weight of the deposited film to be calcu- 
lated. In addition, the number  of electrons per mole of 
nickel taking part in the discharge process was determined. 
Experimental 
An electrochemical quartz crystal nanobalance (EQCN- 
Elchema Model EQCN-501) was used to make in situ meas- 
urements of the mass deposited on a planar gold electrode 
The Electrochemical Society, Inc. 4051 
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during cathodic chronopotentiometric deposition in 
Ni(NO~)2 solutions. The EQCN is described in more detail 
elsewhere. 12'19 Briefly, the working electrode consists of a 
quartz crystal with a thin layer of gold sputtered on both 
sides. The electrode area exposed to solution during depo- 
sition is 0.2 cm 2. The resonant frequency of the reference 
crystal is 10.000 MHz. The EQCN has a frequency resolu- 
tion of 1 Hz which corresponds to 1.1 ng mass change. TM A 
Pine Model AFRDE5 bipotentiostat was used for all cur- 
rent and potential control. The counterelectrode consisted 
of a plat inum screen. 
Depositions were carried out in Ni(NO3)2 solutions pre- 
pared with reagent grade Ni(NO3)2 9 6H20. Solution con- 
centrations ranged from 0.1-1.0 M at applied current val- 
ues of 0.5 mA (2.5 mA/cm2). Solvents consisting of 0, 50, 75, 
and 100 v/o ethanol were used. It should be noted that the 
solution consisting of 100 v/o ethanol was not truly anhy- 
drous since the solute contained a 6:1 molar ratio of 
H20:Ni(NQ)2. Depositions were carried out at room tem- 
perature (23-25~ and controlled temperatures of 50 and 
75~ using a jacketed flow-through cell. 
To confirm that the deposited active material was 
Ni(OH)2, selected films were examined via cyclic voltam- 
metry in 3 w/o KOH. The characteristic charge and dis- 
charge peaks were readily observed indicating the presence 
of the Ni(OH)2/NiOOH couple. The physical appearance of 
the deposits also provided evidence for the deposition of 
Ni(OH)2. In all cases the freshly deposited films were trans- 
parent and green, consistent with that reported by oth- 
ers. 12'17 Charging resulted in the formation of the black 
NiOOH.I~. 17 
Films deposited under selected conditions were rinsed in 
distilled water, charged, and then discharged at a constant 
current of 50 btA in 3.0 w/o KOH. All discharges were con- 
ducted at room temperature. The electrochemical capacity 
of each film (determined by the time to discharge) was com- 
pared to its deposited mass and used to evaluate the de- 
posits obtained under the different deposition conditions. 
Results and Discussion 
The  e f fec t  o f  t e m p e r a t u r e . ~ T h e  effect of temperature is 
illustrated in Fig. 1 which contains plots of mass vs. time 
for deposition in 1.0 M Ni(NO3)2 dissolved in a solvent mix- 
ture of 50/50 v/o ethanol/water. Independent of the temper- 
ature, the mass is observed to increase linearly with time 
(with regression values, R ~, consistently greater than 
0.999), indicating a constant deposition rate. This is consis- 
tent with our earlier studies of the deposition from 
Ni(NO3)2 dissolved in 50/50 v/o ethanol/water solutions at 
RT. ~ The deposition rates (slopes of the mass vs. time 
curves) are essentially identical at RT and 50~ However, 
the deposition rate at 75~ is approximately 65% greater 
than that at RT and 50~ (5.6 vs. 3.4 ~g/min). The mass vs. 
time curves and deposition rates given in this paper are 
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Fig. 1. Mass vs. time for deposition in 1.0 M NilNO3)2 at 0.5 mA 
in 50/50 ethanol/water solutions at RI, 50, and 75~ The deposition 
rate at 75~ is approximately 65% greater than that at RT and 50 C 
(5.6 v s .  3.4 ixg/min). The dashed lines are the ideal mass v s .  time 









2 2  
2 0  
1 8  
1 6  
1 4  
1 2  






2 4  
2 2  
2O 
1 8  
1 6  
1 4  
" 2  







9 , 9 , . , 9 , . , - , 9 , . , . , 9 , 
S o . =  1 o / s  / / ~ ~  
- -  i i , i , i i I I i 1 i i i 
1 2 .5 4 5 6 7 8 9 1(3 
Inverse C o n c e n t r a U o n  ( l / r e a l )  
So.  i a/~ 
t , h , i , i , i , I , i i i , i 
2 5 4 5 6 7 8 9 ~ 0  
a v e r s e  C o n c e r t r o u o n  ( / m o o  
Fig. 2. Deposition rate vs. inverse concenh'ation at RT and 75~ in 
(a, top) 50/50 v/o ethanol solvents, (b, bottom) aqueous solvents. 
The dashed lines are the ideal rates from Eq. 7 for the two values of 
SON-. A significant increase in deposition rate is observed at 75~ at 
all concentrations. 
reproducible within a relative error of 5%. Also shown in 
Fig. 1 are the ideal mass vs.  time curves assuming: (i) pure 
Ni(OH)2 is deposited; and (it)  the electrochemically gener- 
ated hydroxyl ions are completely consumed in the deposi- 
tion process. Under these ideal conditions, the slope of the 
lines in Fig. 1 were calculated from Faraday's law 
d m  = r o _ S o ~ i A M  ~ [7] 
d t  2F  
where r ~ is the ideal deposition rate (g/s), So~ 9 is the stoi- 
chiometric coefficient for hydroxyl ions per electron (see 
reaction 1 or 3), i is the applied current density (A/cm2), A 
is the electrode area (0.2 cm2), and M ~ is the molecular 
weight of pure Ni(OH)2 (93 g/mol). The 2 in the denomina- 
tor results from the 2 tool of hydroxyl ions required to de- 
posit I tool of Ni(OH)2 (see reaction 4). 
It can be seen in the Fig. 1 that the difference in the 
predicted rates from the two nitrate reduction reactions 
(Eq. 1 and 3) is relatively small. Other reduction reactions 
have been shown to occur (including the hydrogen evolu- 
tion reaction), although as with Eq. 1 and 3 they have stoi- 
chiometric coefficients close to one (i.e., they produce OH- 
ions in an approximately 1:1 ratio of OH to e-)P Therefore, 
the failure of Eq. 7 to predict the deposition rates must be 
due to violations in the assumptions which lead to Eq. 7. 
The violation of assumption (it) was discussed in our previ- 
ous study in which the underuti l ization (inefficiency) of 
electrochemically generated hydroxide ions was attr ibuted 
to the formation of Ni4(OH)44§ which in concentrated 
Ni(NQ)2 solutions diffuses away from the reaction inter- 
face before deposition occurs. 12 Relaxing the two assump- 
tions that resulted in Eq. 7, the measured deposition rate, r 
(g/s), can be related to the ideal rate as follows 
r = er ~ M ~ [81 
where 9 is the deposition efficiency and M is the actual 
molecular weight of the deposited film. Determination of 
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the deposition efficiency requires knowledge of the actual 
molecular weight. In our earlier publication it was assumed 
that M was equal to M~ 1~ This assumption is shown below 
to be invalid since deposition rates greater than that pre- 
dicted by Eq. 7 are obtained. This is only possible if the 
actual molecular weight is greater than that of pure 
Ni(OH)~. 
Although Eq. 7 does not show an explicit dependence of 
rate on the Ni(NO~)2 concentration, our previous study re- 
vealed that the deposition efficiency and hence the deposi- 
t ion rate is inversely related to this parameter in concen- 
trated solutions. Figure 2a and b illustrate the effect of 
Ni(NO3)2 concentration on the deposition rates at RT, 50, 
and 75~ in 50 v/o ethanol and aqueous solvents, respec- 
tively. The horizontal dashed lines show the ideal deposi- 
tion rates (calculated from Eq. 7) for the nitrate reduction 
reactions given in Eq. 1 and 3. At each concentration in 
Fig. 2a the deposition rates were virtually identical at RT 
and 50~ while the deposition rate at 75~ is up to 70% 
greater than that observed at the lower temperatures (13.6 
vs. 8.0 ~g/min at 0.5 M). A similar trend was observed in 
Fig. 2b. Note that the higher rate at RT compared to 50~ is 
within experimental error. 
A feature in these curves not observed in our previous 
study is that under  certain conditions (0.2 and 0.1 M 
Ni(NO~)2 at 75~ the deposition rate is significantly greater 
than that predicted by Faraday's law (Eq. 7). As discussed 
earlier, there are two possible explanations: (i) the electro- 
chemical reaction for the reduction of nitrate could be dif- 
ferent than that given in Eq. 1 or 3; and (if) the molecular 
weight of the deposited film may be greater than that of 
pure Ni(OH)~. Equation 3 gives the highest stoichiometric 
constant reported (10:8), yet it is not sufficient to explain 
the high deposition rates observed. It is more likely that the 
molecular weight of the deposition product is greater than 
93 g/mol, indicating that the deposited films contain co-de- 
posited water and/or ethanol. This is consistent with the 
widely accepted view that the deposition product is 
~-Ni(OH)2, which has been shown to contain approxi- 
mately 2/3 mol of H20 per tool Ni(OH)~. 2~ 
Determination of the dischargeable capacity of Ni(OH)2 
films via discharge curves provides an additional relation- 
ship for M. The dischargeable capacity, Q, is related to the 
moles of nickel deposited by 
m F n  
q -  M [9] 
where m and M are the mass and molecular weight of the 
deposited film, respectively, and n is the number  of elec- 
trons in the discharge reaction per atom of Ni. From Eq. 9, 
M can be calculated iI n is known. Though the charge/dis- 
charge reaction at the nickel hydroxide electrode is cus- 
tomarily assumed to involve a single electron transfer, 22 
there is ample evidence in the literature that the number  of 
electrons taking part in the reaction is greater than 1. For 
example, Corrigan and Knight TM have shown using iodo- 
metric and electrochemical measurements that the average 
oxidation state of the charged nickel hydroxide can be as 
high as 3.6+0.1 which means that approximately 1.6 elec- 
trons participate in the charge/discharge reaction. It is as- 
sumed here that the number  of electrons involved in the 
charge/discharge reaction is considered an unknown. 
Since there are only two equations (Eq. 8 and 9) and four 
unknowns (e, n, So~-, and M) three assumptions need to be 
made in order to extract information from these equations: 
(i) The highest observed deposition rate is 100% efficient. 
This corresponds to deposition from aqueous 0.1 M 
Ni(NO3)2 at 75~ (the deposition rate under  these condi- 
tions was approximately 25 ~g/min); (if) Equation 3 is the 
dominant  electrochemical reaction occurring during the 
deposition stated in assumption (i)~ (i.e., SOH- = 10/8); and 
(iii) The number  of electrons in the charge/discharge reac- 
tion, n, is independent of the deposition conditions. Even if 
the actual efficiency of deposition under the conditions in 
assumption (i) is less than 100%, it will not affect the rela- 
tive trends observed in the deposition data. In aqueous so- 
0.5 , ' i , , , i , , . , , , , , . , . , . , 9 , 9 
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Fig. 3. Discharge curves performed at RT in 3.0 w/o KOH. The 
films were deposited from 1.0 M Ni(N03)2 solutions in 50 v/o ethanol 
at RT, 50, and75~ Each deposition was 10 min in duration, result- 
ing in film masses of 34, 34, and 56 ~g, respectively. The discharge- 
able capacities support tee deposition data in Fig. 1 that show a 
greater deposition rate at 75~ 
lutions it is most likely that the reduction of nitrate pro- 
ceeds according to Eq. 3 since deposition of Ni(OH)2 occurs 
in the pH range of 6-8. 4 Assumption (iii)  should be valid 
since it has been reported that solvent and/or ions incorpo- 
rated during the deposition process are removed from the 
film on voltammetric cycling and therefore do not affect the 
discharge process. 8'2~ Consistent with this we observed that 
the cyclic voltammograms in 3 % KOH were not affected by 
the various deposition conditions. 
Based on the above three assumptions, the following pro- 
cedure was followed to obtain e, n ,  and M: (i) Equation 8 
was used (with e = 1.0 and SOH of 10/8) to solve for M at the 
greatest deposition rate observed (25 ~g/min; the discharge 
curve is shown in Fig. 4); (if) Equation 9 was used to calcu- 
late n;  (iii) Equation 9 was used to solve for M for all other 
deposition conditions using the value of n determined in 
step (if) above; ( iv)  Equation 8 was used to calculate 9 for 
all other deposition conditions using the values of M calcu- 
lated in step (iii) above and SOIl- from Eq. 1 and 3. 
Discharge curves for the films deposited at RT, 50, and 
75~ from 1.0 M Ni(NO3)2 in 50 v/o ethanol solutions (see 
Fig. 1) are shown in Fig. 3. Each deposition was 10 min in 
duration, resulting in film masses of approximately 34, 34, 
and 56 ~g for the films deposited at RT, 50, and 75~ re- 
spectively. Even though the mass of the films deposited at 
75~ is approximately 65 % greater than the films deposited 
at 50~ the dischargeable capacity is only 40% greater. 
This indicates that most, but  not all, of the increased depo- 
sition rate measured at 75~ is due to the increased deposi- 
tion of Ni(OH)2, rather than co-deposited solvent. The re- 
0.5  
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Fig. 4. Discharge curves performed at RT in 3% KOH. The films 
were deposited from 0.1 M Ni(NO~)2 solution. Each deposition was 
5 min in duration, resulting in film masses of 90 and 125 l~g for the 
aqueous solution at RT and 75~ respectively, and 96 and 115 ~g 
for the 50/50 v/o ethanol solution at RT and75~ respectively. 
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Table I. Molecular weights and deposition efficiencies for 
the films deposited under various conditions. 
[Ni(NO3)2] Temp. Mw(Eq.3) Efficiency Efficiency 
M (~ Solvent (g/tool) Eq. (3), (%) Eq.(1),(%) 
0.1 75 Aqueous 128 100 
0.1 25 Aqueous 116 80 
1.0 25 Aqueous 107 13 
0.1 75 50%EtOH 133 88 98 
0.1 25 50%EtOH 125 78 87 
1.0 75 50%EtOH 131 22 24 
1.0 25 50% EtOH 109 16 18 
0.1 25 75% EtOH 131 78 87 
1.0 25 75% EtOH 123 16 18 
0.1 25 100%EtOH 148 51 57 
1.0 25 100%EtOH 153 30 33 
maining rate increase must be due to solvent incorporation 
into the film. A similar mismatch between mass and capac- 
ity change is observed for films deposited from 0.i M 
Ni(NO3)~ solutions. Discharge curves from these films are 
shown in Fig. 4. Each deposition was 5 min in duration, 
resulting in film masses of 90 and 125 ~g for the aqueous 
solution at RT and 75~ respectively, and 96 and 115 ~g for 
the 50 v/o ethanol solution at RT and 75~ respectively. At 
75~ the rates of deposition are 39 and 20% greater than at 
RT from the aqueous and 50 v/o ethanol solutions, respec- 
tively, but the discharge capacity was only 24 and 14% 
greater. 
In order to separate the increased rate due to increased 
deposition efficiency from that due to increased solvent 
incorporation, the procedure reported above was followed. 
First, the molecular weight of the film deposited from an 
aqueous solution of 0.1 M Ni(NO3)2 at 75~ was determined 
to be 128 g/mol using Eq. 8 (e = 1.0 and Soil- = I0/8). This 
corresponds to a deposition product of approximately 
Ni(OH)2 9 2H20. Substituting this molecular weight into Eq. 
9 yields a value for n of 1.38 electrons per nickel atom. 
Equation 7 was then used to solve for M for all other depo- 
sition conditions using n = 1.38. Some of the molecular 
weights are listed in Table I. Finally, the efficiency of the 
deposition process was estimated from Eq. 8 for two values 
of Soil . In aqueous solutions the reduction of nitrate most 
likely proceeds according to Eq. 3 (i.e., Soil = 10/8). How- 
ever, in solutions of water and ethanol it is not known what 
the dominant reaction is. Therefore, the deposition effi- 
eiencies shown in Table I use Eq. 3 when the solvent is pure 
water and Eq. 1 and 3 when the solvent is water/ethanol. 
As shown in Table I, deposition at 75~ is more efficient 
than that at RT in both concentrated and dilute Ni(NO3)2 
solutions. This suggests that either the equilibrium reac- 
tion s h o w n  in  Eq.  6 l ies  f a r t h e r  to  t h e  r i gh t  or  t he  k ine t i c s  
of Reac t i on  6 are acce l e r a t ed  a t  i nc reased  t e m p e r a t u r e s .  
Acce l e r a t i ng  t he  r e a c t i o n  of t he  complex,  r educes  i ts  con-  
c e n t r a t i o n  a t  the  i n t e r f ace  w h i c h  reduces  t he  r a t e  of d i f fu-  
s ion of th i s  species  a w a y  f rom the  e lec t rode  a n d  the re fo re  
increases  the  depos i t i on  efficiency. However ,  t he  concen -  
t r a t i o n  of t he  c o m p l e x  species,  a n d  c o n s e q u e n t l y  the  effi- 
ciency, a p p e a r s  to b e  m u c h  more  sens i t ive  to the  c o n c e n t r a -  
t ion  of Ni(NO3)~ t h a n  i t  is to t he  t e m p e r a t u r e .  
The  m o l e c u l a r  w e i g h t  of the  f i lms depos i t ed  a t  75~ is 
also g r ea t e r  t h a n  t h a t  of t he  f i lms depos i t ed  a t  RT. This  
impl ies  t h a t  the  q u a n t i t y  of so lven t  i n c o r p o r a t e d  in to  t he  
ac t ive  m a t e r i a l  inc reases  w i t h  t e m p e r a t u r e .  As t he  t e m p e r -  
a t u r e  increases ,  t he  depos i t i on  r a t e  inc reases  a n d  t he  sol-  
ven t  molecu les  w h i c h  are  t r a p p e d  in  t he  i n t e r l a m e l f a r  
p l anes  of the  n icke l  h y d r o x i d e  are  u n a b l e  to leave the  f i lm 
a t  a r a t e  c o m p a r a b l e  to t he  k ine t i c s  of depos i t ion .  This  
h y p o t h e s i s  was  ve r i f i ed  b y  d e p o s i t i n g  50 Fg of the  ac t ive  
m a t e r i a l  a t  1.0 a n d  3.0 m A  in  1.0 M Ni(NO3)2 solut ion.  The  
depos i t i on  r a t e  obse rved  a t  3.0 m A  was  a p p r o x i m a t e l y  f ive 
t imes  g r ea t e r  t h a n  t h a t  a t  1.0 mA. The  h i g h  r a t e  depos i t i on  
r e su l t ed  in  a f i lm w i t h  30% less d i s c h a r g e a b l e  capac i ty  
t h a n  t he  one o b t a i n e d  f rom the  low r a t e  depos i t ion .  S ince  
the  masses  were  ident ica l ,  h i g h  r a t e  depos i t ions  r e su l t  in  
more  so lven t  i n c o r p o r a t i o n  in to  t he  f i lm (i.e., h i g h  molecu -  
l a r  weight) .  
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Fig. 5. Mass vs. deposition time for deposition in 1.0 M Ni(NO3)2 
at 0.5 mA. The measured deposition rates were 2.7, 3.4, 3.9, and 
8.6 p$1/min for the 0, 50, 75, and 100 v/o ethanol solutions, respec- 
tivel~.~he dashed lines are ~e ideal mass vs. time curves from E'q. 7 
for the two values of SOt 9 
Not only is the rate of deposition important in determin- 
ing the molecular weight of the deposited film, but the lat- 
tice spacing available for the solvent may also be impor- 
tant. This conclusion was drawn by comparing films 
deposited at 25~ from a 0.i M Ni(NO3)2 in 50 v/o ethanol 
solutions to those deposited at 75~ in 1.0 M solutions. The 
molecular weights of the films deposited under the two 
conditions were essentially equal (4% difference) even 
though the rate in the former case (i.e., lower temperature 
and lower concentration) was 56% higher. We concluded 
that the additional solvent that would be incorporated ow- 
ing to the higher rate was olfest by the decreased lattice 
spacing at the lower temperature. An alternate explanation 
is that more nitrate was incorporated into the film in the 
more concentrated solution. Therefore, a film was de- 
posited at 25~ from a 0.I M Ni(NO3)~ solution saturated 
with NaNO~. Neither the deposition rate nor the molecular 
weight of the deposited film was affected by the nitrate 
concentration indicating that it was probably the increased 
lattice spacing of the films at 75~ compared to 25~ that 
decreased the tendency of the solvent to move out of 
the film. 
The effect of  e thanol . - -P lo t s  of mass  vs. t ime  for  depos i -  
t i on  in 1.0 M Ni(NO~)~ dissolved in solvents consisting of 0, 
50, 75, and i00 v/o ethanol at 0.5 mA (2.5 mA/em ~) are 
shown in Fig. 5. Also plotted in Fig. 5 are the mass vs. time 
curves predicted from Faraday's law (Eq. 7). Independent 
of the solvent composition, the mass of the deposit in- 
creased linearly with time, indicating a constant rate of 
deposition. Deposition rates were observed to increase as 
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Fig. 6. Discharae curves performed at RT in 3.0 w/a KOH. The 
films were deposl'fed from 1.0 M Ni(.N.O3)2 solution. Each deposition. 
was 10 min in duration resulting in film masses of 27, 34, 39, and 
86 ~g for.the solutions containing 0, 50, 75, and 100 v/o ethanol, 
respectively. 
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Fig. 7. Deposition rate vs. inverse Ni(NO3}2 concentration at 
0.5 mA for 0, 50, 75, and 100 v/o ethanol solutions. The horizontal 
dashed lines show the ideal deposition rates calculated from Eq. 7 for 
the two values of SOH-. 
increase observed between 75 and 100 v/o. The measured 
deposition rates were 2.7, 3.4, 3.9, and 8.6 t~g/min for the 0, 
50, 75, and 100 v/o ethanol solutions, respectively. 
Typical discharge curves for films deposited from the 
above solutions are shown in Fig. 6. Each deposition was 10 
min in duration, resulting in film masses of 27, 34, 39, and 
86 Ixg for the solutions containing 0, 50, 75, and 100 v/o 
ethanol, respectively. The rates of deposition from the 100, 
75, and 50% ethanol solutions are 220, 45, and 26% greater 
than that from the aqueous solution, but  the capacities cal- 
culated from the discharge times are 120, 20, and 19% 
greater. Again, this implies that the measured mass change 
observed in Fig. 5 is due to a combination of increased 
Ni(OH)2 and solvent deposition. 
The effect of Ni(NO3)2 concentration on the deposition 
rate is illustrated in Fig. 7. The horizontal dashed lines 
show the ideal deposition rates calculated from Eq. 7. At 
both 1.0 and 0.5 M Ni(NO3)2, the deposition rate increases 
with increasing ethanol content. However, at 0.1 M 
Ni(NO3)2 the deposition rate is lowest at the highest ethanol 
content. This anomalous trend suggests that the chemistry 
in pure ethanol is different from that occurring in solvents 
containing water. This may be due either to the nickel com- 
plex formation given in Eq. 5 or the electrochemical reduc- 
t ion reaction occurring at the surface of the electrode. 
'l~Fpical discharge curves for films deposited from 0.1 M 
Ni(NO3)2 solutions are shown in Fig. 8. Each deposition was 
5 min in duration, resulting in film masses of 90, 96, 101, 
and 76 t~g for the solutions containing 0, 50, 75, and 100 v/o 
ethanol, respectively. Figure 8 shows that the dischargeable 
capacity for the films deposited from the solutions contain- 
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Fig. 8. Discharge curves performed at RT in 3.0 w/a  KOH. The 
films were deposited from 0.1 M Ni(NO3) 2 solution. Each deposition 
was 5 min in duration resulting in film masses of 90, 96, 101, and 
76 ~g for the solutions containing O, 50, 75, and 100 v/o ethanol, 
respectively. 
indicates that the differences in the rate of increasing mass 
from 0.1 M Ni(NO~)2 are not owing to different deposition 
rates of Ni(OH)2 but  to differences in the molecular weight 
of the films (increasing co-deposition of water and/or 
ethanol with increasing ethanol in solution). Finally, the 
capacity of the film deposited from the 100 v/o ethanol 
solution is seen to be 35% less than that of the other films, 
but  the mass of deposit is only 16% less than the film de- 
posited from the aqueous solution. Again, this indicates 
that the efficiency of the deposition process or the electro- 
chemical reaction changes significantly when very little 
water is present in solution. 
The molecular weights listed in Table I show two trends 
with respect to ethanol content. First, the molecular weight 
of the deposit is observed to decrease with increasing 
Ni(NO3)2 concentration. As stated earlier, this is mostly 
likely due to the decrease in deposition rate at higher con- 
centrations. The values of 107 and 109 g/tool for the 1.0 M 
solutions dissolved in aqueous and 50 v/o ethanol solutions, 
respectively, are consistent with the value of 105 g/tool re- 
ported elsewhere. 2~ The second trend observed in Table I 
is that the molecular weight of the deposit increases with 
increasing ethanol content in the solvent. The value of 153 
g/mol for the 1.0 M solution dissolved in 100 v/o ethanol 
corresponds to a deposition product of approximately 
Ni(OH)z - 4/3EtOH. The increased molecular weight with 
increasing ethanol is likely due to the increased incorpora- 
tion of ethanol into the film. This further supports the ar- 
gument that solvent rather than ions are the cause of 
molecular weights being higher than the 93 g/mot expected 
for pure Ni(OH)2. 
Conclusions 
An electrochemical quartz crystal nanobalance (EQCN) 
was used to measure in s i tu the mass of the nickel hydrox- 
ide films and constant current discharges were used to de- 
termine the electrochemical capacity of the films. These 
data were used to determine the effects of temperature and 
ethanol content of the nitrate solution on: (i) the efficiency 
of electrochemical deposition of nickel hydroxide; and (it) 
the molecular weight of the deposited active material. 
The increase in the efficiency at high temperature was 
attr ibuted to an increased rate of reaction of the nickel 
complex at the surface of the electrode. The increase in 
molecular weight at high temperature was attr ibuted to a 
combination oi an increase in the rate of deposition caused 
by the increase in efficiency and an increase in the lattice 
spacing of the active material. The effect of ethanol on effi- 
ciency was insignificant except in 100% ethanol. The ab- 
sence of water in the solvent seems to have an effect on the 
deposition chemistry. The molecular weight, however, in- 
creased with increasing ethanol content confirming the as- 
sumption that solvent is incorporated into the film during 
the deposition process. 
Understanding the effect of operating conditions on the 
efficiency of the electrochemical reaction and the molecu- 
lar weight of the deposited active material should lead to 
improvements in the quality of porous plaques which are 
electrochemically impregnated. For example, increased ef- 
ficiency not only lowers operating costs but  it may also 
result in a more uniform deposition since less current is 
needed for a given deposition rate. The quality of the im- 
pregnated porous plaques can also be affected by the 
amount of solvent incorporated into the active material. 
Higher molecular weight means greater solvent content in 
the deposited material and consequently an accelerated de- 
crease in porosity over time. As the porosity decreases the 
uniformity of the electrochemical reaction decreases be- 
cause the effective ionic conductivity of the solution de- 
creases. The degree to which efficiency and molecular 
weight affect the quality of the impregnated plaques, how- 
ever, will require a mathematical model incorporating ma-  
terial transport into the pores and the appropriate solution 
chemistry. Optimum conditions suggested in growing pla-  
nar  films may not be appropriate for porous plaques. For 
example, this study suggests that  impregnating at low con- 
centrations of nickel nitrate is most desirable due to the 
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high efficiencies that are achieved. However, low concen- 
trations of nickel may lead to nonuniform loading if the 
nickel cannot penetrate the porous plaque. The fundamen- 
tal understanding of the deposition process gained through 
this work should enable the impregnation of porous 
plaques to be more thoroughly modeled and ultimately en- 
able higher quality and less expensive electrodes to be 
manufactured. These data may also be used in conjunction 
with a model of a planar  electrode to deduce the chemical 
equilibrium constants that govern the deposition process. 
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Initiation of Corrosion Pits 
at Inclusions on 304 Stainless Steel 
Ruoru Ke* and Richard Alkire** 
Department of Chemical Engineering and Materials Research Laboratory, 
University of Illinois at Urbana-Champaign, Urbana, Illinois 61820, USA 
ABSTRACT 
Onset of pitting corrosion on 304 stainless steel in 0.I M NaCI was investigated at the site of approximately 200 
inclusions. A photolithography technique was used to locate individual sites repeatedly in order to characterize them by 
a combination of scanning electron microscopy, energy dispersive x-ray, and Auger electron spectroscopy methods. Growth 
of pits to significant size was found to occur only at MnS and mixed MnS/oxide inclusions which had sizes above 0.7 ~m. 
In early stages of initiation, the inclusion dissolved, the Mn and Cl surface concentrations were found to be high within the 
pit cavity, and the S concentrations were high in the cavity as well as the surrounding area. Smaller sulfide inclusions and 
all multielement oxide inclusions either did not initiate pits or initiated only small trenches before becoming repassivated. 
Under conditions of severe corrosion, Cu was detected on MnS inclusions, and was traced to the appearance of flower-like 
deposits which formed prior to significant pit growth. 
Introduction 
It is well known that the sites where corrosion pits form 
are frequently related to microscopic features of a metal 
surface. ~-6 For stainless steel, the location of corrosion pits 
has been found to be associated with inclusions and second 
phase precipitates, as shown in the extensive works of 
Wraglen, I Eklund, 2- and Szklarska-Smialowska? -6 It has 
been recognized that sulfide iclusions, if present, will act as 
pit nucleation sites, ~ although questions remain about the 
relative importance of various types of inclusions on the 
pit t ing of stainless steel. 7 In the present paper, the behavior 
of inclusions of various compositions was monitored 
during ini t iat ion of pit t ing of 304SS in C1- containing solu- 
t ion in order to relate inclusion composition to corrosion 
behavior. 
Smialowski et al. ~ investigated pitting of 18Cr-9Ni 
austenitic stainless steel in  0.5 M NaC1 and proposed that 
pits preferentially nucleate at sulfide inclusions present 
* Electrochemical Society Student Member. 
** Electrochemical Society Fellow. 
either in the form of separate particles or as shells sur- 
rounding the oxides; they reported that no pitt ing occurred 
at particles composed only of oxides. However, Wagner et 
al. 7 reported that pits were seen to nucleate at various non- 
metallic inclusions in various 18Cr-10Ni steels including 
oxide, sulfides, silicates, and also at precipitates of car- 
bides and carbonitrides. Cihal et al. 8 investigated 18Cr-9Ni 
with 0.4-0.9% Ti in which nonmetallic inclusions of t i ta- 
n ium sulfides, oxides, and carbonitrides were present, and 
found that only the oxides were effective in nucleating pits. 
High spatial resolution scanning electron microscopy 
(SEM) and surface analytical studies have provided evi- 
dence that MnS inclusion dissolution is the initial step in a 
variety of systems in which pit formation occurs on stain- 
less steels 316 and 3047 -6'9-~2 
According to Horowitz, 13 both choloride and thiosulfate 
ions have been shown to be aggressive species which 
chemisorb on the stainless steel passive film. In addition, it  
has been demonstrated 14'~5 that thiosulfate ions alone (i.e., 
in the absence of C1-) exert no noticeable aggressive effect 
on the passive film. Lott and Alkire g'~~ reported that both 
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